Background: In the nervous system, NG2, an integral membrane chondroitin sulfate proteoglycan, is expressed by macrophages and progenitor glia. Results: Both NG2 shedding and axonal growth depend on the pericellular remodeling executed by MT1-MMP/MMP-14. Conclusion: MT1-MMP inhibition restores sensory axon regeneration and attenuates hypersensitivity caused by peripheral nerve injury. Significance: Our findings identify MT1-MMP as a novel therapeutic target in PNS injury and pain.
regulates the extracellular milieu and presents a novel therapeutic target in the damaged peripheral nervous system and neuropathic pain.
Injury to axons in the peripheral nervous system (PNS) 2 normally reactivates an intrinsic regenerative program that enables a permissive extracellular matrix milieu enriched in laminin, fibronectin, and other growth-promoting factors (1) . In turn, secreted and extracellular matrix-bound chondroitin sulfate proteoglycans (CSPGs) typically form inhibitory gradients for axonal growth (2, 3) .
CSPG-4/neuronal glial antigen 2 (NG2) is a structurally and functionally unique integral membrane proteoglycan (4) . In the central nervous system (CNS), NG2 is expressed by the cycling, NG2-expressing glial progenitor cells (henceforth termed NG2-glia) and pericytes (4) , whereas in the PNS, fibroblast-like cells and pericytes are the main cell sources of NG2 (5, 6) . Because of its direct interactions with extracellular matrix proteins and adhesion receptors, NG2 governs cell proliferation and migration (7) . Moreover, hematogenous macrophages (M) expressing NG2 (henceforth termed NG2-M) infiltrate the damaged CNS (8 -14) . Although the specific functions of the M subpopulation and their distinction from microglial functions in the CNS are still debated, strong support exists for neuroprotective properties of NG2-M in the CNS (12) (13) (14) (15) . Herein, we provide the first evidence that NG2-M infiltrate the PNS postinjury.
Pericellular proteolysis by the membrane-type (MT) and soluble proteinases of the matrix metalloproteinase (MMP) family, including collagenases, gelatinases, and stromelysins, regulates the levels and biological functions of the extracellular matrix and cell membrane proteins (16, 17) , including NG2 (18) . Tissue inhibitors of metalloproteinases (TIMPs) control the cleavage activity of MMPs. In contrast with other MMPs, ubiquitous MMP-14/MT1-MMP, the proinvasive proteinase in many cancer types, is not inhibited by TIMP-1. Accordingly, inhibition of NG2 cleavage by TIMP-2 and -3, but not by TIMP-1, favors the role of MMP-14 in this proteolytic process (18) .
MMPs play diverse roles in PNS repair. The broad spectrum inhibition of the catalytic MMP activity immediately after PNS injury helps to enhance the rate of sensory axonal regeneration by both promoting Schwann cell mitosis (19) and limiting the extent of myelin and axon damage, which are sequentially controlled by gelatinases B (MMP-9) and A (MMP-2) (19 -24) . MMP-2, however, also has a capacity to promote axonal growth in the PNS ex vivo through degradation of CSPGs (25, 26) . It is possible that MMP-2 plays a potentially beneficial role in nerve repair. However, the high homology of the MMP-2 and MMP-9 gelatinases limits their selective pharmacological targeting. Conversely, targeting of the upstream regulator of pro-MMP-2 activation, MMP-14, represents a valuable alternative. Studies of MMP-14 in the PNS have thus far been limited to the evidence of its gene expression (20, 27) .
Here, using purified proteins and primary NG2-M cultures, we have demonstrated for the first time that MMP-14 is a major NG2 sheddase. Because short term local inhibition of MMP-14 with a selective, function-blocking antibody enhanced sensory axon regeneration, MMP-14 appears to be a key, functionally relevant protease in injured sciatic nerve and a promising drug target in PNS postinjury.
EXPERIMENTAL PROCEDURES

Reagents and Antibodies
Routine reagents were purchased from Sigma unless indicated otherwise. The broad spectrum hydroxamate inhibitor (GM6001) was from EMD Millipore. The function-blocking fully human MMP-14 antibody (DX2400) was kindly provided by Dyax (Burlington, MA) (28) . Human IgG1 control was obtained from Abcam. The following antibodies were also used in our experiments: rabbit polyclonal S100 antibody (Z0311, Dako), murine monoclonal CD68 antibody (MCA341R, Serotec), rabbit polyclonal Iba1 antibody (019-19741, Wako), rabbit polyclonal laminin antibody (L9393, Sigma), murine monoclonal ␤-actin antibody (A53166, Sigma), and rabbit polyclonal TIMP-2 antibody (C0348, Assay Biotechnology). Murine monoclonal and rabbit polyclonal MMP-14 antibodies (3G4/MAB1767 and AB8345, respectively), murine monoclonal MMP-2 antibody (MAB3308), rabbit polyclonal NG2 antibody (AB5320), and rabbit polyclonal growth-associated protein 43 (GAP-43; AB5220) antibody were purchased from EMD Millipore.
MMPs and TIMP-2
The individual catalytic domain of MMP-14 was expressed in Escherichia coli and purified from the inclusion bodies in 8 M urea using metal-chelating chromatography (29) . The purified MMP-14 samples were then refolded to restore their native conformation and proteolytic activity. The recombinant pro forms of MMP-2 and MMP-9 were purified from the serumfree medium conditioned by the stably transfected human embryonic kidney 293 cells using gelatin-Sepharose chromatography. Pro-MMP-2 and pro-MMP-9 were activated using 4-aminophenylmercuric acetate as described earlier (30) . The purity of the isolated MMPs was confirmed by SDS-polyacrylamide gel electrophoresis followed by Coomassie staining of the gels. Only the samples in which the level of purity exceeded 95% were used in our studies. The concentration of the catalytically active MMPs was measured using a fluorescence assay by titration against a standard GM6001 solution of known concentration. (7-Methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-L-2,3-diaminopropionyl)-Ala-Arg-NH 2 (Bachem) was used as a fluorescent substrate. The steady-state rate of the substrate cleavage by MMP was plotted as a function of inhibitor concentration and fitted with the following equa-
where V is the steady-state rate of substrate hydrolysis, SA is specific activity (rate per unit of enzyme concentration), E 0 is enzyme concentration, I is inhibitor concentration, and K i is the dissociation constant of the enzyme⅐inhibitor complex (31) . The activated MMPs were used immediately in our assays. Recombinant human TIMP-2 was expressed in Madin-Darby canine kidney cells and purified from conditioned medium as reported earlier (32) .
Animal Models and Therapy
All animal procedures were performed according to the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the protocol was approved by the Institutional Animal Care and Use Committee at the Veterans Affairs San Diego Healthcare System. Animals were gender-and agematched and randomly assigned to the experimental groups. Sprague-Dawley 8 -10-week-old female or male (for NG2-M cultures only) rats (Harlan) were housed in plastic cages at ambient temperature on a 12-h light-dark cycle with free access to food and water. Anesthesia was achieved with 4% isoflurane (Isothesia, Henry Schein) in 55% oxygen.
Traumatic Brain Injury (TBI)-TBI was done as described previously (12) . Following a 15-mm longitudinal incision in the skull, through two holes made ϳ2.5 and ϳ4 mm to the right of the midline and 1 mm posterior to bregma, a sterile 26-gauge needle was inserted to ϳ7-mm depth and moved in a fanlike manner parallel to the midline.
Sciatic Nerve Crush-Sciatic nerve crush was performed in the sciatic nerve exposed unilaterally at the midthigh level through a gluteal muscle-splitting incision (19) . Nerve crush was accomplished using smooth surface forceps twice for 2 s each. The lesion site was labeled using a 6-0 nylon suture to the adjacent muscle. Where indicated, DX2400 (1.13 mg/ml; corresponding to ϳ22 g/kg), control IgG1 (1.13 mg/ml), or vehicle (PBS, Steris Labs) was administered intraneurally into the sciatic nerve fascicle in a 5-l volume at day 3 postcrush using a 33-gauge needle. Animals were perfused transcardially using 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer under deep anesthesia or sacrificed by intraperitoneal injection of Euthasol (100 -150 mg/ml; Virbac Animal Health). Tissues (brain, lumbar (L) 4 and L5 dorsal root ganglia (DRG), and sciatic nerve) were excised, snap frozen in liquid nitrogen, and stored at Ϫ80°C or in the RNAlater reagent (Ambion) at Ϫ20°C until use.
Cells
Primary NG2-M-Primary NG2-M were prepared from TBI lesions (day 7) as described previously (12) . The TBI-containing brain hemisphere tissues were minced in 0.02% EDTA in PBS, filtered using a nylon mesh (160 m; EMD Millipore), and centrifuged at 4°C (1,000 rpm for 5 min). The pellet was resuspended and incubated in a suspension culture dish (Sarstedt) in DMEM (Invitrogen) supplemented with 3% FBS for 30 min. Unattached debris and cells were removed by washing in 3% FBS in DMEM, and attached M were incubated for 30 min in E2 medium (serum-free DMEM containing 10 mM HEPES (pH 7.3), 4.5 mg/ml glucose, 5 g/ml insulin, 5 g/ml transferrin, 5 nM sodium selenite (insulin-transferrin-selenium, Invitrogen), and 0.2 mg/ml BSA (33) . This procedure yielded Ͼ90% pure NG2-M cultures as confirmed by dual immunoreactivity for NG2 and CD68. Where indicated, cells were supplemented with MMP-14 (1 g/ml), TIMP-2 (50 ng), or GM6001 (10 M) for 30 min.
Primary Schwann Cells-Primary Schwann cells were isolated from sciatic nerves of postnatal day 1-3 Sprague-Dawley rats (34) and further purified from fibroblasts using the mitotic poison AraC (10 M; not toxic to Schwann cell viability), an anti-fibronectin Thy1.1 antibody, and rabbit complement (24) . Schwann cells were grown in DMEM, 10% FBS containing 21 g/ml bovine pituitary extract and 4 M forskolin. Schwann cell purity was confirmed by Ͼ95% immunoreactivity for S100. Schwann cells were passaged upon reaching confluence. Cells from passages 3-7 were collected and transferred into wells of a 6-or 12-well plate to grow for 16 -24 h in DMEM, 10% FBS.
Human Breast Carcinoma MCF7-Human breast carcinoma MCF7 cells were obtained from ATCC (Manassas, VA) and cultured in DMEM, 10% FBS containing gentamicin (10 g/ml). MCF7 cells stably transfected with the empty pcDNA3-zeo vector (MCF7-mock cells) or the pcDNA3-zeo plasmid encoding the fulllength MMP-14 (MCF7-MMP14 cells) were described earlier (35) .
Recombinant Ectodomain Constructs of Rat NG2 and the NG2 Antibodies
The soluble recombinant non-glycosylated ectodomain fragments of rat NG2 used in our study were expressed and purified as described earlier (36) (see Fig. 1A ). The full-length ectodomain (EC; amino acid residues 1-2223) and its truncation lacking the C-terminal portion of the D2 domain and the entire D3 domain (EC⌬3; residues 1-1465) were expressed in human embryonic kidney 293 cells and purified using a DEAE-Sepharose column. The purified fragments were then treated with chondroitinase ABC to remove the glycosaminoglycan chains. The D2 domain (residues 632-1450) and D3 domain (residues 1587-2218) constructs were C-terminally tagged with a His 6 tag, expressed in human embryonic kidney 293-EBNA cells and purified using a nickel-agarose column. The 293-EBNA cell line stably expressing the Epstein Barr Virus EBNA-1 gene from pCMV/EBNA. Expression of the EBNA-1 gene is controlled by the CMV promoter and is high-level and constitutive. The specificity of the five NG2 antibodies we used (which were directed against the individual portions of the NG2 ectodomain) was described earlier (37, 38) . Thus, the rabbit polyclonal EC, D2, and D3 antibodies were raised against the purified individual EC, D2, and D3 domain constructs, respectively. The rabbit 1088 antibody was raised against a 19-residue peptide from the N-terminal portion of the D1 domain. The rabbit polyclonal 1657 antibody was raised against a 19-residue peptide from the C-terminal 2161-2179 sequence of the D3 domain. We also used the murine monoclonal 05-710 antibody (clone 132.38, EMD Millipore) raised against the recombinant D3 domain. The NG2 recombinant ectodomain constructs and the antibodies were a generous gift from Dr. William Stallcup (Sanford-Burnham Medical Research Institute, La Jolla, CA).
In Vitro Cleavage of NG2 Constructs
Purified NG2 constructs (EC (2 g; 0.4 M), D2 (2 g; 1 M), D3 (2 g; 1 M), and EC⌬3 (2 g; 0.65 M)) were co-incubated for 1 h at 37°C with MMP-2, MMP-9, or MMP-14 (1:10 -1:100 enzyme-substrate molar ratio) in 20-l reactions containing 50 mM HEPES, pH 6.8 supplemented with 10 mM CaCl 2 and 50 M ZnCl 2 . Where indicated, GM6001 (1 M) was added to inhibit MMPs. The cleavage was stopped by adding 5ϫ SDS sample buffer to the reactions. Aliquots of the digests were analyzed by SDS-gel electrophoresis in 3-8% gradient Tris-acetate gels (Invitrogen) followed by Coomassie staining (20-l samples) and by immunoblotting (2-l samples) with the EC, D2, D3, 1088, 1657, and 05-710 NG2 antibodies (dilution, 1:1,000 each).
Imaging of the Catalytic Cell Surface MMP-14 Activity
Detection of the cellular MMP-14 activity was performed using the inhibitory hydroxamate warhead-based MP-3653 reporter synthesized as described previously (32) . The MP-3653 reporter represents a liposome tagged with a fluorochrome and functionalized with a PEG chain spacer linked to a selective inhibitory hydroxamate warhead, thereby targeting the catalytically active membrane-tethered MMP-14 enzyme alone (32) . Both the MMP-14 proenzyme and the stoichiometric MMP-14⅐TIMP-2 complex do not interact with MP-3653. Cells were plated in DMEM, 10% FBS medium on a 15-mm glass coverslip coated with poly-D-lysine (50 g/ml) and allowed to reach 25-70% confluence. Cells were then washed with DMEM and incubated for 30 min at 37°C in DMEM supplemented with 0.2% BSA alone or jointly with GM6001 (1 M). Cells were next incubated for 3 h at 37°C in DMEM, 0.2% BSA supplemented with the MP-3653 reporter (25 nM) alone or jointly with GM6001 (1 M) followed by washing in PBS and fixation in 4% PFA. The slides were mounted in Vectashield medium containing DAPI and analyzed using a 20ϫ objective on an Olympus BX51 fluorescence microscope equipped with a MagnaFire digital camera.
Immunoblotting
Schwann cell lysates were prepared in TBS supplemented with 50 mM N-octyl ␤-D-glucopyranoside, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, 10 mM EDTA, and protease inhibitor mixture set III. The crude nerve extracts and NG2-M lysates were prepared in TBS supplemented with 1% Triton X-100, 10% glycerol, 0.1% SDS, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, aprotinin, pepstatin, and leupeptin (1 g/ml each). Insoluble material was removed by centrifugation (14,000 ϫ g for 15 min). Extract aliquots (3-25 g of total protein each) were separated by SDS-gel electrophoresis in either 4 -12% gradient NuPAGE-MOPS gels (Invitrogen) or 7, 10, and 15% Tris-glycine gels (Bio-Rad). Separated proteins were then transferred onto a nitrocellulose or PVDF membrane. The membrane was blocked in 5% nonfat milk (Bio-Rad) and incubated for 16 -18 h at 4°C with the primary antibodies followed by incubation for 1 h at ambient temperature with the species-specific horseradish peroxidase-conjugated goat secondary antibody (Cell Signaling Technology; 1:10,000 dilution). The blots were developed using an enhanced chemiluminescence system (GE Healthcare) or a SuperSignal West Dura Extended Duration Substrate kit (Thermo Scientific). The membranes were reprobed using a ␤-actin antibody (loading control). The bands were digitized and quantitated using ImageJ.
Gelatin Zymography
Schwann cells (5 ϫ 10 5 ) were grown in wells of a 12-well plate containing DMEM, 10% FBS supplemented with bovine pituitary extract (21 g/ml) and forskolin (4 M). In 24 h, cells were replenished with fresh serum-free medium (0.6 ml) and incubated for an additional 16 -18 h. The status of MMP-2 in the conditioned medium aliquots (20 l) was analyzed using a precast 10% acrylamide gel co-polymerized with 0.1% gelatin (Invitrogen). After electrophoresis, the gel was incubated at ambient temperature twice for 30 min in 2.5% Triton X-100 and then for 16 -18 h at 37°C in 50 mM Tris-HCl, pH 7.4 containing 10 mM CaCl 2 , 1 M ZnCl 2 , and 0.02% NaN 3 . The gel was stained with Coomassie Blue R-250 to visualize the bands with gelatinolytic activity.
qPCR
The rat sciatic nerves and DRG were isolated and stored in RNAlater (Ambion) at Ϫ20°C. Total RNA was extracted from Schwann cells or nerve tissues using TRIzol (Invitrogen) and purified on an RNeasy Mini column (Qiagen). The RNA purity was estimated by measuring the A 260/280 ratio. The samples were treated with RNase-free DNase I (Qiagen). cDNA was synthesized using a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). Primers and TaqMan probes ( Table 1) were obtained and optimized as described (24) . Gene expression levels were measured in a Mx4000 TM Multiplex Quantitative PCR System (Agilent Technologies) using 50 ng of cDNA and 2ϫ TaqMan Universal PCR Master Mix (Ambion) with a one-step program: 95°C, 10 min; 95°C, 30 s; 60°C, 1 min for 50 cycles. Duplicate samples without cDNA (a no template control) showed no contaminating DNA. Relative mRNA levels were quantified using the comparative ⌬Ct method (39), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a normalizer. The -fold change between experimental and control samples was determined using the Mx4000 software.
Immunostaining
Schwann cells and NG2-M grown on a coverslip were washed with PBS, fixed in 4% PFA, and blocked for 1 h in 10% BSA. Tissues (brain and sciatic nerve) were excised, postfixed in 4% PFA, rinsed, cryoprotected in a 15-30% sucrose gradient, embedded into optimum cutting temperature compound (Sakura Finetek) in liquid nitrogen, and cut into 10-m-thick sections. Teased nerve fibers were prepared from the separated nerve bundles using fine smooth microforceps and incubated in 5% fish skin gelatin and 0.1% Triton X-100 in PBS for 1 h. Nonspecific binding was blocked using 10% normal goat serum. The slides were incubated for 16 -18 h at 4°C with a primary antibody (specified above) followed by incubation for 1 h at ambient temperature with a species-specific secondary antibody conjugated with Alexa Fluor 488 (green) or Alexa Fluor 594 (red) (dilution, 1:200 each; Molecular Probes). After staining, individual fibers were teased out on a glass slide using a 0.20 -0.22-mm acupuncture needle (Vinco, Oxford Medical Supplies) for observation. Slides were mounted using Vectashield medium containing DAPI or Slowfade Gold antifade reagent (Molecular Probes). Alternatively, biotin-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) followed by Vectastain Elite ABC System, 3Ј,3-diaminobenzidine substrate (Vector Laboratories), and methyl green counterstain 
Primer and probe sequences for TaqMan qPCR
TaqMan probes contained the 5Ј-reporter carboxyfluorescein (FAM) and the 3Ј-quencher minor groove binder (MGB), Black Hole Quencher (BHQ)-1, or 4-(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL) dye. Primers and probes were obtained from Biosearch Technologies unless indicated otherwise. Roche, Roche Applied Science; AB, Applied Biosystems.
Gene
GenBank TM accession no. Sequences (5-3)
were used. Signal specificity was confirmed by omitting the primary antibody or by using the non-immune serum.
For morphometric analysis, the images were acquired using a Leica DMR microscope and Openlab 4.04 imaging software (Improvision) using a digital gain of ϫ1, the maximum white level, and an exposure time of 1 s and a black level of 283 for GAP-43, an exposure time of 1.5 s and a black level of 188 for laminin, and an exposure time of 2.0 s and a black level of 97 for NG2. Quantitation was done using ImageJ software in three randomly selected areas per section per n (n ϭ 5/group) by an investigator unaware of the animal groups.
Nerve Pinch Test
Based on the anticipated speed of sciatic nerve regrowth, the rate of sensory axon regeneration is assessed using a nerve pinch test between 2 and 7 days after crush (19, 40, 41) . Thus, at day 7 postcrush, the sciatic nerve and its tibial nerve branch were exposed in the lightly anesthetized rats. Consecutive 1-mm-long segments of the tibial nerve were pinched with a pair of fine forceps starting from the distal end of the nerve and proceeding in the proximal direction until a reflex response, such as contraction of the muscles of the back, was observed. The distance between the most distal point of the nerve that produced a reflex withdrawal response and the stitch marking the crush site was measured under a dissecting microscope and identified as the regeneration distance (see Fig. 7C ).
von Frey Test
Sensitivity to non-noxious mechanical stimuli was measured using a von Frey test using the up-and-down method (42) by an investigator unaware of the animal groups. Rats were acclimated to being on a suspended 6-mm wire grid for 5 days. The plantar surface of the hind paw within the sciatic nerve innervation area was stimulated using calibrated von Frey filaments (Stoelting) at baseline (days Ϫ5, Ϫ3, Ϫ1, and 0 postinjury) and days 3, 5, and 7 postinjury. Stimuli were applied for 2 s with a 0.4 -15.0-g buckling force to the mid paw plantar surface with ascending filament stiffness until a paw withdrawal response occurred. Stimuli were separated by several-second intervals or until the animal was calm with both hind paws placed on the grid. The consecutive way of applying filaments was continued until six responses were recorded. The 50% threshold was calculated as described (42) .
Statistics
Data were analyzed using GraphPad Prism 6 (GraphPad Software). The results were expressed as mean Ϯ S.E. A two-tailed Student's t test was used for comparison of two groups. Analysis of variance with Bonferroni's post hoc test was used for comparison of three or more groups. The p values below 0.05 were considered statistically significant.
RESULTS
MMP-14 Proteolysis of NG2 in Vitro-
The full-length membrane NG2 consists of a large ectodomain divided into three subdomains (the N-terminal globular domain 1 (D1), the central domain 2 (D2), and the juxtamembrane domain 3 (D3)) followed by a transmembrane domain and a cytoplasmic tail ( Fig. 1 ). To determine their relative NG2 cleavage efficiency, the equivalent concentrations of the active site-titrated MMPs, including MMP-2, MMP-9, and MMP-14, were co-incubated with the purified non-glycosylated 1-2223 NG2 EC at enzymesubstrate molar ratios of 1:10 and 1:100. MMP-2 and MMP-9 proteolysis of the EC construct was exceedingly limited. In contrast, MMP-14 efficiently cleaved the EC construct and as a result, three (210-, 160-, and 51-52-kDa) major cleavage products were generated in the cleavage reactions ( Fig. 2A ).
Because MMPs normally cleave the C-terminal portion of NG2 according to previous data by others (18, 37, 43) , we tested whether MMP-14 cleaved the similar region of NG2. For this purpose, we compared the proteolysis of the 1-2223 EC construct versus the 1-1465 EC⌬3 truncation lacking the C-terminal D3 domain. Fig. 2B shows that the 51-52-kDa cleavage fragment was present in both digests, suggesting that MMP-14 did not cleave within the C-terminal D3 moiety. Conversely, our data suggested that MMP-14 cleaved the N-terminal portion of NG2.
To additionally confirm the specificity of the NG2 antibodies we used, we performed immunoblotting with the 1088, D2, D3, and 05-710 antibodies against the intact 632-1450 D2 and 1587-2218 D3 domains. As we expected, the D2 antibody recognized the D2 domain, and the D3 and 05-710 antibodies recognized the D3 domain, whereas both the D2 and D3 domains were not recognized by the 1088 antibody that was raised against the N-terminal portion of NG2 (Fig. 2C ). Taken together, these results suggested that the NG2 antibodies could be used to assign the domain specificity of the EC cleavage products. FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6
MMP-14 Sheds NG2 and Limits Regeneration
JOURNAL OF BIOLOGICAL CHEMISTRY 3697
To determine the cleavage fragment positions in the EC sequence, the purified EC construct and its EC⌬3 truncation were co-incubated with MMP-14. The digests were analyzed by immunoblotting with the antibodies against the individual D2 and D3 domains (Fig. 2D) . The 51-52-and 210-kDa (and a corresponding 160-kDa fragment in EC⌬3) major cleavage fragments were detected in both EC and EC⌬3 digests. These results suggested that the major N-terminal 51-52-kDa and the C-terminal 210-kDa fragments of the EC construct originated due to MMP-14 proteolysis in the N-terminal D1 domain sequence.
The MMP-14/MMP-2/TIMP-2 Axis in the PNS-MMP-14 activity is required for the activation of the latent MMP-2 proenzyme (44) . Both MMP-14 activity and MMP-2 activation are regulated by TIMP-2, which forms a stable, stoichiometric 1:1 complex with both MMP-14 and the MMP-2 proenzyme. In sciatic nerve, activated MMP-2 enzyme is observed at day 3 postinjury (22) . We analyzed the changes in MMP-14 and concurrently MMP-2 and TIMP-2 in the sciatic nerve samples obtained at day 0 (normal) and days 1, 3, and 7 after crush injury.
The MMP-14 immunoreactivity and mRNA and protein levels in the normal nerve were low (Fig. 3, A-C) . The protease appeared to be predominantly associated with the endothelial cells of the blood vessels and in crescent-shaped Schwann cells (Fig. 3A) . There was a gradual increase in MMP-14 after nerve injury. In addition to the endothelial cells, MMP-14 was elevated, especially at days 3 and 7, in crescent-shaped, S100-positive Schwann cells (Fig. 3, A and D) and in Iba1-positive M ( Fig. 3, A, day 3, inset, and D) . In the majority of endoneurial cells, including Schwann cells, the MMP-14 immunoreactivity co-localized with TIMP-2 ( Fig. 3E, white arrows) , although MMP-14-positive but TIMP-2-negative areas were also recorded ( Fig. 3E, yellow arrows) .
According to the qPCR data, there was a mild decrease in the mRNA levels of MMP-14, MMP-2, and TIMP-2 at day 1 postcrush followed by a rapid and continuous increase of these three mRNA species between days 3 and 7 (Fig. 3B ). Immunoblotting of the nerve lysate samples corroborated the qPCR results (Fig. 3C) . Thus, the levels of MMP-2 and MMP-14 significantly increased at days 3-7 postinjury compared with day 0. In contrast with normal nerve, the active, 68-kDa MMP-2 enzyme was detected in the day 3 and especially day 7 samples. High levels of TIMP-2 (21 kDa) observed throughout the time course, including normal nerve, were not significantly different especially if calculated relative to ␤-actin ( Fig. 3C) . Together, the levels of MMP-2 and MMP-14 likely exceeded the levels of TIMP-2 protein only at days 3-7 postcrush.
Together, these novel findings indicated an elevated expression of MMP-14 and its inhibitor, TIMP-2, in Schwann cells, endothelial cells, and M in the injured PNS. High levels of TIMP-2 at day 0 implies that MMP-14 activity is tightly controlled in the adult normal nerve and that this inhibitory control of MMP-14 activity becomes misbalanced following injury, leading as a result to both the presence of MMP-14 unencumbered by TIMP-2 and a considerable level of MMP-2 activation at days 3-7 postcrush. The proteases were co-incubated for 1 h at 37°C with purified EC construct at the indicated enzyme-substrate molar ratio. The resulting cleavage products are shown by asterisks. B, the purified EC and EC⌬3 constructs were co-incubated for 1 h at 37°C with MMP-14 at a 1:10 enzyme-substrate molar ratio. The digests were separated by SDS-gel electrophoresis followed by Coomassie staining. The ϳ51-52-kDa NG2 cleavage fragment is shown by an asterisk. Where indicated, GM6001 was added to the reactions. C, confirmation of the specificity of the NG2 antibodies. The D2 antibody recognized the intact D2 domain. The D3 and 05-710 antibodies recognized the intact D3 domain. The anti-D1 1088 antibody did not recognize the intact D2 and D3 domains. D, MMP-14 cleaves the N-terminal portion of NG2. The purified EC and EC⌬3 constructs were each co-incubated with MMP-14 at a 1:10 enzyme-substrate molar ratio. The digests were analyzed by immunoblotting using the indicated NG2 antibodies. The N-terminal ϳ51-52-kDa cleavage fragment is shown by an asterisk. The vertical arrow points to a nonspecific band.
MMP-14 Sheds NG2 and Limits Regeneration
The MMP-14/MMP-2/TIMP-2 Axis in Schwann Cells in Vitro-Because Schwann cells are the major source of MMP-14 and TIMP-2 in the nerve, we analyzed their expression and activity levels in the pure Schwann cell cultures. The baseline MMP-14 and TIMP-2 expression levels in the cultured Schwann cells were high (Fig. 4, A and B) . Thus, amplification plots for the MMP-14 and TIMP-2 transcripts show the similar threshold cycle (Ct) values between the normal nerve and cultured Schwann cells (50 ng of cDNA; equal amounts) that closely follow that of the housekeeping GAPDH gene (0 -5 cycle FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3699 intervals between Ct values; Fig. 4A ). These data suggest that Schwann cells are both the abundant and the main source of MMP-14 and TIMP-2 in normal PNS.
These data were corroborated by immunoblotting of Schwann cell lysates with MMP-14 and TIMP-2 antibodies (Fig. 4B ). Gelatin zymography of the conditioned medium aliquots showed both the inactive (72-kDa) and active (68-kDa) MMP-2 enzyme secreted by cultured Schwann cells (Fig. 4B) .
Given the high levels of both MMP-14 and its inhibitor, TIMP-2, we sought to assess the level of catalytically active, TIMP-2-free MMP-14 in Schwann cells using a selective MP-3653 reporter we described recently (32) and control human breast carcinoma MCF7 cells used frequently in MMP-14 studies (35) . Because endogenous expression of both TIMP-2 and MMP-14 in MCF7 cells is exceedingly low, MCF7 cells with forced expression of MMP-14 (MCF7-MMP14) produce high levels of TIMP-2-free MMP-14 (35) . As judged by immunoblotting with the polyclonal MMP-14 AB8345 antibody ( Fig. 4C ), rat Schwann cells displayed an approximately severalfold lower level of MMP-14 compared with human MCF7-MMP14 cells. As anticipated, MCF7 cells expressing an empty vector (MCF7-mock) exhibited no detectable MMP-14. Because of the presence of the active site zinc ion-interacting inhibitory hydroxamate warhead, the MP-3653 reagent interacts only with the TIMP-2-free active cellular MMP-14 enzyme rather than with the MMP-14 latent zymogen or the inactive stoichiometric TIMP-2⅐MMP-14 complex (32) . In this respect, MP-3653 is similar to GM6001, a hydroxamate inhibitor of MMPs, including MMP-14. In contrast with GM6001, the presence of the fluorescent moiety in MP-3653 allows the direct and quantitative visualization of MP-3653 bound to the cells and accordingly the levels of the active cellular MMP-14 in these cells. Thus, MCF7-MMP14, MCF7-mock, and Schwann cells were co-incubated with MP-3653 alone or jointly with the nonfluorescent GM6001 competitor. As judged by the efficiency of MP-3653 binding to the cells, there was a high level of the active MMP-14 enzyme in MCF7-MMP14 cells and a noticeable, albeit significantly lower, level in Schwann cells (Fig. 4D ). An exceedingly low MMP-14 level was observed in the original MCF7-mock cells. MP-3653 binding to cellular MMP-14 was competitively eliminated in the presence of GM6001 in both the MCF7-MMP14 and Schwann cells. Schwann cells immunostaining for MMP-14 were used as a positive control (Fig.  4E) . These data, especially when combined, demonstrate the presence of the catalytically active MMP-14 in Schwann cells.
NG2-M Infiltrate the PNS and Utilize MMP-14 to
Shed NG2 in Vitro-In the PNS, NG2 is expressed by endoneurial fibroblasts and microvascular pericytes in both normal and injured nerves (5, 6, 45) . In line with these reports, NG2 was detected in the elongated fibroblast-like cells and microvascular pericytes in normal and crushed nerves (Fig. 5, A and B) . NG2 co-localized with MMP-14 in pericytes and macrophagelike cells at both days 3 and 7 postcrush (Fig. 5B, yellow and  white arrows) . Considering our finding of NG2 reactivity in macrophage-like cells and because hematogenous NG2-M infiltrate CNS lesions, such as TBI (11) (12) (13) , we aimed to determine the contribution of NG2-M to PNS injury.
Hematogenous M infiltrate the PNS at days 2-7 postcrush to assist in phagocytic clearance of the axonal debris (46, 47) . We analyzed the NG2 and CD68 (macrophage marker) co-immunoreactivity in the sciatic nerve samples obtained at day 0 (normal) and days 3 and 7 postcrush (Fig. 5A) . In normal nerve, the level of CD68-positive M was limited (Fig. 5A) . The number of the NG2 ϩ /CD68 ϩ M infiltrating the nerve increased transiently at day 3 (white arrows) and then declined by day 7 postcrush. Instead, NG2-labeled cells adjacent to NG2 Ϫ / CD68 ϩ M were observed at day 7 postcrush (yellow arrows). Because CD68-labeled (i.e. phagocytic) cells were at both time FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3701 points totally cross-reactive with Iba1, a general macrophage marker (Fig. 5C ), we concluded that NG2-M co-expressed both CD68 and Iba1 in the PNS.
MMP-14 Sheds NG2 and Limits Regeneration
As a positive control, we used the samples obtained from the brain lesion at day 7 after TBI (12) . The NG2 membrane immunoreactivity was largely associated with M in our positive control day 7 TBI brain samples (Fig. 5D) , consistent with the previous studies.
Because NG2 was sensitive to MMP-14 proteolysis, we next evaluated the role of MMP-14 proteolysis of NG2 in NG2-M in vitro. Because the required quantities of NG2-M are not available from the injured nerve source, the primary NG2-M cultures were isolated from the TBI lesion according to established protocols (11) (12) (13) . According to the results of NG2 and CD68 immunostaining, over 90% of the cultured cells represented NG2-M (Fig. 5E ). The purified NG2-M were co-incubated with MMP-14 alone or jointly with TIMP-2 or GM6001 for 24 h, then lysed, and analyzed by NG2 immunoblotting (Fig. 5F) . The intact 300-and 160-kDa NG2 species were detected in the untreated NG2-M. In the presence of MMP-14, the 300-kDa NG2 was transformed into the major 290-and minor 260 -275-kDa species concomitantly with a significant increase in the 160-kDa NG2. According to the earlier data, the 290-and 260 -275-kDa species represent the shed soluble and shed membrane NG2, respectively (18, 37) . In the presence of TIMP-2 or GM6001, MMP-14 proteolysis of NG2 was fully repressed. These data suggested that exogenously added MMP-14 was capable of shedding NG2 expressed in the infiltrating NG2-M.
Consistent with the previous reports (5, 6, 45) and our findings in the primary NG2-M cultures, immunoblotting analysis identified two NG2 species, the 300-kDa major and 160-kDa minor species, in normal nerve (Fig. 5G ). In the crushed nerve samples (day 7), the levels of the 160-kDa NG2 species increased significantly with a concomitant decrease in the 300-kDa intact NG2 potentially due to the proteolysis of NG2 following nerve injury. In contrast to NG2-M cultures, an additional, very high molecular weight NG2 band was detected in the crushed nerve samples (Fig. 5G ). This band was also observed by others and identified as an NG2 species containing multiple, additional glycosaminoglycan chains (5) . Together, our data documented the transient expression of NG2 by a subpopulation of infiltrating M in the damaged PNS (within 3 days postinjury) in a pattern distinct from that in CNS lesions and suggested that NG2 in NG2-M was susceptible to MMP-14 proteolysis.
MMP-14 Translocation in Myelinated Fibers-Next, we assessed the relative changes in MMP-14, its substrates (NG2 and laminin), and TIMP-2 using immunofluorescence staining of the individually teased myelinated fibers (Fig. 6) . To confirm the analyses of the injured fibers, the nerves were transected; there was no apparent difference in the staining profiles between the proximal and distal stumps.
In the normal nerve (Fig. 6A) , the MMP-14 immunoreactivity was observed in the Schwann cell plasma and/or basement membrane, structures that are not distinguishable without using electron microscopy. In agreement with the earlier reports (5, 45) , NG2 was localized in the Schwann cell basement membrane (5, 6, 45) and the nodes of Ranvier (45) of the uninjured fibers. Partial co-localization of the TIMP-2 immunoreactivity with that of MMP-14 was also noted. TIMP-2 was also observed intra-axonally. Laminin displayed its specialized and characteristic Schwann cell basement membrane distribution.
In the nerve at day 3 postinjury ( Fig. 6B ), there was a significant translocation of both MMP-14 and TIMP-2 toward the paranodal/nodal areas where the MMP-14 immunoreactivity only partially co-localized with TIMP-2. Whereas NG2 and laminin staining remained in the same structures, these substrates co-localized with the MMP-14 enzyme in close proximity to the nodes of Ranvier uniquely and only following nerve injury (Fig. 6B ). For each antigen, the staining specificity was confirmed using the non-immune serum or by omission of the primary antibody (Fig. 6C) . These novel data evidence the injuryspecific translocation of MMP-14 in close proximity to its substrate, such as NG2, at the nodes of Ranvier.
Selective and Short Term Inhibition of MMP-14 Accelerates Axon Regeneration-To test further the importance of MMP-14 in nerve injury, we used the human MMP-14 DX2400 antibody (28) . In contrast with the broad spectrum synthetic MMP inhibitors, this function-blocking antibody does not cross-react with other MMPs (48) . Because of the 98 -99% homology between human and rat catalytic domain sequences of MMP-14, DX2400 was suitable in our system. The schedule we used to identify the effect of DX2400 is illustrated in Fig. 7A . Specifically, at day 3 postcrush, rats received a single intraneural injection of DX2400. PBS (vehicle) and human IgG1 were used as controls.
First, a von Frey test was done 5 days before day 0 (baseline) and then at days 3 (before the injection), 5, and 7 postcrush to assess the sensory behavioral recovery in rats that received vehicle or DX2400. Both animal groups developed a similar heightened sensitivity to innocuous tactile stimulation at day 3 postcrush as evident by the reduced threshold of paw withdrawal (Fig. 7B) . A single injection of DX2400 at day 3 reversed the established hypersensitivity to tactile stimulation (measured at days 5 and 7) relative to the vehicle group. As expected, contralateral to injury, hind paws in both groups showed no change in mechanical sensitivity (Fig. 7B ). Neither the vehicle nor IgG1 alone affected sensory behavioral recovery (data not shown).
Next, regeneration of the sensory axons was measured using a nerve pinch test at day 7 postcrush (Fig. 7, C and D) . The regeneration distance (the distance between the crush site and the distal nerve site responsive to pinch testing; Fig. 7C ) was 12 Ϯ 0.89, 12.7 Ϯ 0.44, and 17.1 Ϯ 0.61 mm with PBS, IgG1, and DX2400, respectively, suggesting that axons regenerated with an average speed of 2.43 mm/day after a single DX2400 injection compared with 1.7 mm/day after injection of the controls (Fig. 7D) . These data indicated that highly selective MMP-14 inhibition increased the speed of sensory nerve regrowth by roughly 40%. We then excised two 10-mm-long consecutive nerve segments distal to the crush/injection site and the segmental L4/L5 DRG from these rats for additional molecular analyses.
In agreement with the nerve pinch test, the immunoblotting data for cAMP-dependent transcription factor 3 (ATF3), which is required for activation of the regenerative transcriptional program in DRG neurons after PNS injury (40) , revealed increased ATF3 levels in DRG ipsilateral to sciatic nerve crush at day 7 postcrush for the DX2400 treatment compared with the IgG1 or PBS treatment. Because PBS and IgG1 groups showed comparable data, only the latter is presented henceforth. As expected, in both groups, the ATF3 expression was elevated in the ipsilateral compared with the contralateral DRG ( Fig. 7E, Norm) . These data were corroborated by qPCR analysis of the DRG samples that showed a 14.8 Ϯ 1.8-fold increase (p ϭ 0.049) in the relative ATF3 mRNA at day 7 postcrush in the ipsilateral compared with the contralateral DRG in the control and a 23.8-Ϯ 3.3-fold increase in the DX2400 group (n ϭ 3-4/group).
GAP-43, a marker of regenerative axon growth (40), considerably increased in crushed nerve segments A and B compared with the contralateral normal nerve (Fig. 7F ). In addition, the relative GAP-43 levels in segment A exceeded that of segment B in the DX2400 samples relative to the IgG1 samples. According to immunostaining of the comparable segments ( Fig. 7G ), DX2400 caused a roughly 3-fold increase in GAP-43 when compared with IgG1. These GAP-43 immunoreactivity data precisely correlate with the length of regenerating axons after DX2400 and IgG1 therapy in each segment as observed by pinch testing (Fig. 7D ). Similarly to GAP-43, MMP-14 inhibition by DX2400 resulted in an approximately 2.5-fold increase in NG2 and laminin, the targets of MMP-14 proteolysis. Together, these data demonstrate that selective, short term local inhibition of the MMP-14 activity facilitates regeneration of sensory neurons and reverses the established mechanical hypersensitivity after PNS injury.
DISCUSSION
The present study reveals for the first time that MMP-14/ MT1-MMP 1) is an efficient and unique NG2 sheddase; 2) sheds NG2 on NG2-M, which infiltrate the PNS after injury; 3) is present in the PNS both as the inactive stoichiometric TIMP-2⅐MMP-14 complex and the active enzyme; 4) translocates toward the nodes of Ranvier and such substrates as NG2 postinjury; and 5) can be selectively inhibited to enhance sensory axonal growth and reverse the established hypersensitivity in the rat PNS injury model. Individual MMPs have both detrimental and beneficial effects in the PNS. In general, broad spectrum MMP inhibition FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 promotes sensory axon regeneration by stimulating Schwann cell mitosis (19) , limiting axonal dieback (49) , and preventing release of the inhibitory myelin-associated glycoprotein residues (50) . Likewise, MMP inhibition attenuates pain associated with PNS injury by preventing the MMP-9-and MMP-2-mediated release of algesic cytokines and myelin basic protein (21) (22) (23) . According to our data, brief, local MMP-14 inhibition by a highly selective function-blocking antibody mimics these proregenerative and analgesic effects of broad spectrum MMP inhibition (19) . MMP-14 inhibition enhanced the speed of sensory axon regrowth at least in part by preserving growth-permissive laminin (17, 51) from degradation and promoting the intraganglionic expression of ATF3 and GAP-43. Conceptually, the present data are consistent with a model in which a misbal-ance in the MMP-9/TIMP-1 axis, inducible early in PNS injury by inflammatory stimulants (e.g. LPS and TNF␣), or in the MMP-14/MMP-2/TIMP-2 axis, constitutive and inducible later in PNS injury, contributes to axonal and myelin damage, neuroinflammation, and pain (19 -24, 52) .
MMP-14 Sheds NG2 and Limits Regeneration
MMP-14 performs as an efficient and unconventional NG2 sheddase with the cleavage sites localized in the N-terminal D1 domain of NG2. This is in contrast with several MMPs and ADAMs (a disintegrin and metalloproteinases) that proteolyze NG2 at the D3 domain (18, 37, 43) . In general, our results confirm and expand the earlier observations that cleavage of a shed ϳ260 -275-kDa membrane-tethered NG2 species in NG2-expressing cells is selectively inhibited by TIMP-2 (18, 37). MMP-14 cleavage at the D1 domain may not alter NG2 binding t test) is shown. C, an illustration of a nerve pinch test in rats is shown in the dorsal plane. The exposed sciatic nerve and its tibial branch are pinched with forceps in 1-mm-long consecutive segments starting from the distal end of the tibial nerve (1), proceeding in the proximal direction until a reflex response is observed. The distance between the reaction site (2) and the crush site (3) is defined as the regeneration distance (RD). D, MMP-14 inhibition increased the speed of sensory nerve regrowth. The mean regeneration distance (mm) of n ϭ 5-8/group increased after treatment with DX2400 compared with control IgG1 or PBS (p values by analysis of variance and Bonferroni post hoc test). The 10-mm nerve segments at and immediately distal to the crush/injection site (0 -10 mm; segment A) and consecutively distal (10 -20 mm; segment B) were analyzed. E, MMP-14 inhibition increased intraganglionic ATF3. Immunoblotting of ATF3 in L4/L5 DRG at day 7 postcrush and after therapy described in A contralateral to nerve crush after IgG1 treatment (Norm) and ipsilateral to nerve crush after control IgG1 or DX2400 treatment. ␤-Actin is used as a loading control. The graph represents the mean ATF3 to actin ratio of n ϭ 5/group (p value by Student's t test). F, immunoblotting of GAP-43 in the nerve samples contralateral to nerve crush after IgG1 treatment (Norm) and in the injured nerve segments (Segm.) A and B after control IgG1 and DX2400 treatment described in D. ␤-Actin is used as a loading control. The graph represents the mean GAP-43 to actin ratio of n ϭ 4/group (p value by Student's t test). G, immunostaining of GAP-43, NG2 (AB5320 antibody), and laminin (red for each) in sciatic nerve after IgG1 or DX2400 injection at day 7 postcrush as described in A. DAPI stains nuclei (blue). Scale bars are 40 m. The graphs represent the mean immunofluorescence (IF) area as a percentage of total area of n ϭ 5/group (p value by Student's t test). Error bars represent S.E. to collagen IV, PDGF, or basic FGF, which is ascribed to the D2 or D3 domains (36) . In NG2-M, MMP-14 released an additional ϳ290-kDa fragment, which was determined in the earlier works by others to be a soluble full-length ectodomain shed at a juxtamembrane site (18, 37) ; hence, this proteolytic process cannot be effectively analyzed using the purified NG2 ectodomain. Together, these data suggest that, in contrast to other MMPs/ADAMs, MMP-14 cleavages occur within the N-terminal D1 domain and then stimulate additional cleavages in the D3 domain, including those by other proteases, resulting in both the shed soluble and shed membrane NG2 species.
The node of Ranvier is the key structure in both the generation of action potential (53) and initiation of the axonal growth sprouts (1) . After nerve injury, a fraction of the MMP-14 enzyme was redistributed toward the nodes of Ranvier. This finding makes plausible the proposed models of nodal NG2 shedding as a potential regulator of axonal conduction (54) and axonal growth (45) . However, NG2 functions in axon growth remain highly controversial because of evidence of its inhibitory role (55) (56) (57) and the permissive functions of NG2-expressing cells (58, 59) . Although the functions of the individual NG2 species cannot be effectively studied in a global NG2 deletion model, overall NG2 was concluded not to be essential to PNS regeneration or neuropathic pain (60) . Importantly, our study clearly shows a correlation between the proregenerative traits of MMP-14 inhibition and the accumulation of the NG2 immunoreactivity in the PNS. However, our study does not directly demonstrate a putative link between MMP-14 proteolysis of NG2 and axon regeneration.
In PNS, NG2 is known to associate with the Schwann cell basement membrane and the nodes of Ranvier (5, 6, 45) . These earlier studies demonstrated that soluble NG2 was predominantly present in the PNS and suggested that fibroblasts, rather than Schwann cells, deposited NG2 into the Schwann cell basement membrane, although others believe that non-myelinating Schwann cells express NG2 in response to injury (61, 62) . Considerable quantities of the very high molecular weight glycosylated NG2 species present in the nerve specifically postinjury (5) are not observed in cultured NG2-M. Conversely, MMP-14 sheds NG2 species in NG2-M, which are present only transiently in the damaged PNS.
NG2-M infiltrate the PNS at 3 days after crush injury, implying transient NG2 expression by a subpopulation of infiltrating M. Although little is known about the functions of NG2-M in the damaged PNS, it is apparent that this cell type expresses both CD68 and Iba1 in the PNS and that NG2-M isolated from CNS lesions express growth factors and display neuroprotective properties (12, 13) . This suggestion correlates with the established M function in governance of Wallerian degeneration, phagocytic debris clearance, and generation of a permissive milieu for axon growth in the PNS (46, 47, 63) . However, given that multiple M phenotypes may exist, the outcomes of NG2 expression or proteolysis of NG2 in M in the PNS remain obscure. It is interesting to note that, due to the prevention of M attack of growth cones, inactivation of MMP-9 promotes DRG axonal growth cultured on inhibitory CSPG-1/aggrecan (49) . Although NG2 and the MMP/TIMP axis both regulate proliferation and migration of NG2-glia of the CNS, MMP-14 proteolysis could have diversified effects on NG2 function in various cells (e.g. M, fibroblasts, and pericytes) of the PNS.
In summary, our findings implicate MMP-14 as a novel protease that cleaves NG2 and a promising drug target for improved peripheral nerve repair. We have provided the first evidence in the nervous system for the therapeutic potential of the selective, function-blocking human MMP-14 antibody (DX2400). By protecting permissive substrates (e.g. laminin) from degradation, suppressing the algesic action of MMP-2 (21) , and stimulating the regenerative program in the sensory neurons, the selective, local, and short term inhibition of MMP-14 activity promoted axonal growth and reversed the established hypersensitivity arising from PNS damage. Caution, however, is required in developing the sustained or late stage MMP-14 inhibitor therapy as this therapy may also target certain functions that are beneficial to nerve repair, such as the MMP-2-mediated degradation of inhibitory CSPGs (25, 26) and myelination (20, 64, 65) .
